have been proposed to catalyze both the esterification and transesterification reactions in biodiesel production, but their use foresees high costs of the process due to the plant maintenance and/or product purification and/or waste catalyst disposal. Heterogeneous acid catalysts represents a great challenge that could allow this to overcome the above mentioned drawbacks [8, 9] . It must be pointed out that Brönsted acid catalysts are mainly active in promoting esterification reaction, while Lewis acid catalysts are more active in transesterification [10] . Therefore, both acid sites of suitable strength should be present on the surface of an ideal heterogeneous catalyst [10] .
Moreover, it must be taken considered a possible deactivation of catalysts, which could be due to (i) the leaching of active phase (ii) the fouling of the surface or (iii) the poisoning of the active sites. Consequently, the development of suitable regeneration methods is a key point in the search of very active solid acid catalysts to be used in a new technology for biodiesel production [11] .
Several heterogeneous acid catalysts have been proposed in the recent literature for biodiesel production: mixed metal oxides, sulphonated resins, sulphated metal oxides, heteropolyacids, vanadyl phosphate and many others [10, 12] .
In particular, niobium-based materials, previously employed as useful acid catalysts for many catalytic reactions [13, 14] , have also yielded promising results in biodiesel production. Thus, Portilho et al., for example, claimed the use of niobic acid treated with a phosphoric acid solution and niobium oxide supported on alumina as efficient catalysts for the transesterification of canola oil with methanol or ethanol [15] . García-Sancho, et al., showed that biodiesel can be produced via methanolysis of sunflower oil in the presence of a MCM-41 silica containing niobium oxide [16] . This mesoporous niobosilicate can be used even in the presence of oleic acid (2.2 wt%) and water (0.4 wt%), without losing activity [16] . On the other hand, niobic acid (hydrated niobium oxide, Nb 2 O 5 . nH 2 O) has already been proposed as catalyst for the esterification of FFA with methanol or ethanol [17, 18] . Niobia supported on silica [19] and on silica-alumina [20] has been used as catalysts for the esterification of acetic acid with alcohols. Niobium-silicon mixed oxide nanocomposites, prepared by a sol-gel method, showed the presence of active sites for transesterification of triglycerides and esterification of FFA [21] .
In the present paper, the performance of niobia supported by impregnation on silica in biodiesel production from soybean oil containing a high FFA concentration (a waste oil model), has been deeply investigated. The catalytic behavior has also been determined in a continuous tubular reactor in order to evaluate the suitability of this catalyst for the development of an industrial process.
Methods

Catalysts synthesis
The supported Nb 2 O 5 catalysts with different loading concentrations(3-12% Nb 2 O 5 ) were prepared by dry impregnation of niobium oxalate [22] , obtained from niobium pentoxide [23] , on a commercial silica (Engelhard). The commercial silica sample is of spherical shape (mean diameter= 3-5 mm). The catalysts have been prepared by impregnation of both the pellets and of the powder obtained by grinding in a mortar the commercial silica (powder diameter < 100 μm). After impregnation, the catalysts were dried at 60°C for 10 h and calcined at 900°C for 6 h. The denominations of all the catalysts used in the catalytic tests with their compositions are reported in Table 1 .
Catalysts characterization
Textural analyses were carried out by using a Thermoquest Sorptomatic 1990 Instrument (Fisons Instrument) by determining the nitrogen adsorption-desorption isotherms at 77 K. The samples were thermally pre-treated under vacuum overnight up to 473 K (heating rate = 1 K/ min). Specific surface area (S BET ) were determined by using the BET method.
Powder X-ray diffraction (XRD) patterns were obtained using a Philips powder diffractometer. The scans were collected in the range 5-80° (2θ) using Cu Ka radiation with a rate of 0.01° (2θ/s). The X-ray tube operated at 40 kV and 25 mA.
X-ray photoelectron (XPS) studies were performed with a Physical Electronics PHI 5700 spectrometer equipped Confocal Raman microscope (Jasco, NRS-3100) was used to obtain Raman spectra. The 647-nm line of a water cooled Kr+ laser (Coherent), 800 mW, was injected into an integrated Olympus microscope and focused to a spot size of approximately 2 µm by a 100x objective. A holographic notch filter was used to reject the excitation laser line. Raman scattering was collected by a peltiercooled 1024· 128 pixel CCD photon detector (Andor DU401BVI). For most systems, it takes 60 s to collect a complete data set.
The surface acidity of the 12NbSi catalyst was evaluated by Temperature Programmed Desorption of NH 3 (NH 3 -TPD), which has been conducted using the Thermo Finnigan TPD/R/O 1100 . Before the NH 3 -TPD measurement, the powdered catalyst (0.1-0.2 g) was outgassed in a flow of pure helium (20 cm 3 /min), at different treatment temperature (600, 300 and 50 °C) for 30 min. Then, the sample was cooled at 40°C and saturated with a stream of 10% NH 3 in He (20 cm 3 /min) for about 30 min. Afterward, the catalyst was purged in a helium flow until a constant baseline was attained. The ammonia desorption was determined in the temperature range of 40-500 °C with a linear heating rate of 10 °C min −1 in a flow of He (10 cm 3 /min). Desorbed NH 3 was detected by a Thermal Conductivity Detector (TCD). The eventual presence of water in the evolving gases was removed by a trap containing anhydrous magnesium perchlorate, located between the detector and the reactor.
The measurement of acid strength of the 12NbSi catalyst was also done by the Hammett indicators (Neutral red, pK a = 6.8; Butter yellow, pK a = 3.3; Benzeneazodiphenylamine, pK a = 1.5; Dicinnamalacetone, pK a = -3; Benzalacetophenone, pK a = -5.6). The measurements were done on samples freshly dried at 300°C before carrying out the indicator tests, and handled in a dry box. Moreover, the tests were also performed on the sample after contacting with the air for 72 h, with the aim to verify the effect of the humidity adsorption on the surface acidity.
The acidity of the 12NbSi catalyst was also investigated by using pyridine adsorption, coupled to FTIR spectroscopy. The spectra were recorded on a Shimadzu Fourier Transform Infrared Instrument (FTIR8300). Selfsupported wafers were placed in a vacuum cell, with greaseless stopcocks and CaF 2 windows.
Before pyridine adsorption, the 12NbSi sample was thermally treated at 300°C in air for 2 h, followed by evacuation at 10 -2 Pa for 2h at the same temperature. Following this pretreatment, the wafer was cooled to room temperature and a spectrum was recorded as reference. In a second set of experiments, the pretreatment was excluded to verify the effect of the dehydration on the surface acidity.
Catalytic tests
The screening of the catalysts was performed using a series of 5-6 small stainless steel vial reactors. The reactants, soybean oil or acid soybean oil (FFA =10%, w/w) (2 g) and methanol (0.88 g), and a defined amount of the catalyst (0.1 g) were introduced in each reactor. The reactors were introduced in a ventilated oven which initial temperature was fixed at 50°C for 14 min, and then increased at a rate of 20°C/min until it reached the reaction temperature, 180°C, which was kept for 1 h. At the end, the reactors were quenched in a cold bath. Blank runs (without catalyst) were also performed to evaluate any contribution of the non-catalytic reaction.
The most active catalyst was also tested under the same experimental conditions used by García-Sancho et al. [16] with a MCM-41 silica containing niobium oxide (methanol/sunflower oil molar ratio= 12, Cat= 5 wt%, T=200°C, t= 4 h).
One of the most interesting aspects concerning the use of heterogeneous catalysts is the absence of soluble homogeneous species in the reaction medium [24] . After catalyst filtration, the concentration of niobium in solution was determined by using the UV-visible standard procedure [25] with the purpose to measure the eventual leaching.
On the other hand, to achieve information on the catalyst life in the industrial reaction conditions, some runs have been performed at 220 °C in a laboratory continuous micropilot plant using the best catalytic system. The reaction system consisted of a stainless steel packed bed reactor of 30 cm of length and d=1/2 inch. A weighted amount of the 12NbSi catalyst, as pellets (12NbSi(I), 30 g), was charged in the reactor. The measured void fraction was 0.66. The reaction was carried out at constant pressure of 60 bars by using a back-pressure regulator.
Two different runs were performed: using silica pellets (reference test, run 0) and with 12NbSi (I) catalyst pellets (run 1).
The soybean oil or the acid soybean oil (FFA = 10%) flow rate was fixed at 2.6 ml/min while for methanol 5.3 ml/min was used. Samples of the outlet reaction mixture were withdrawn at different times on stream. The FAME (fatty acid methyl esters) yields were determined by using the HNMR technique (Bruker 200 MHz) measuring the area of the H 1 NMR signal related to methoxylic and methylenic groups using the following equation [26] :
where (A1) and (A2) are the area of H-NMR signal related to methoxylic and methylenic groups, respectively.
FFA concentration is determined by measuring the residual FFA concentration by titration (wFFA) [27] .
The free fatty acid (FFA) conversion (lFFA) was calculated using the following equation: The stability of the catalyst was verified by determining, after 100 h on stream, the content of niobium on the discharged catalyst was determined by ICP-MS (Inductively Coupled Plasma Mass Spectrometry).
Results and Discussion
Preliminary Catalytic Screening
First of all, since at high temperatures the stainless steel internal surface of the vials could catalyze the transesterification and esterification reactions, different runs without catalyst were performed at 180 °C using acid oil as reagent, obtaining FAME yields in the range 7-10% and a FFA conversion of 15-20%.
The influence of the amount of niobia on the catalytic activity has been studied and the obtained results are reported in Figure 1 .
As it can be seen, by increasing the amount of supported niobia a significant increment of the FFA conversion was obtained. Calcined silica exhibits a very low activity (the obtained conversion is in the range of the blank runs). However, the activity improves significantly (35% of FFA conversion) in the case of 3NbSi, which On the other hand, the transesterification activity (glyceride group conversion) is relatively low and it is minimally affected by the niobia loading, under these experimental conditions.
The leaching tests were carried out for each catalyst, confirming the stability of this family of supported niobia catalysts, since the presence of Nb in the filtered solution was not evidenced by UV-Vis analysis.
The best catalyst (12NbSi) was also tested in the same condition used by García-Sancho et al. with a MCM-41 silica containing niobia (methanol/sunflower oil molar ratio= 12, Cat= 5 wt%, T=200°C, t= 4h) [16] . The obtained result (70% FAME yield) was lower than that obtained with a niobia supported on a MCM-41 silica catalyst with a 8% Nb 2 O 5 (87% FAME yield). However, the cost of the MCM-41 silica synthesis is higher than that of a commercial silica and, for an industrial application, the use of the latter type of silica as support is favored (if the catalyst stability is proven also for a long reaction time). Moreover, the catalytic results pointed out that the 12NbSi catalyst has good activity also in transesterification reaction when the temperature is increased until 200°C. This is in agreement with data reported by García-Sancho et al. [16] , who found an important amelioration of the transesterification activity, by using the MCM-41 silica containing niobia, increasing the temperature from 175°C to 200°C.
Catalyst Characterizations
The textural characteristics of the most active catalyst (12NbSi) were determined from the N 2 adsorptiondesorption isotherms at -196°C. The adsorption of niobia on silica has little effect on the specific surface area (see Tab. 1) and no crystalline phases could be determined by XRD, even for the catalyst with the highest niobia loading, 12NbSi (see Fig.2 ), in agreement with the literature data [28, 29] .
This fact reveals that niobium is well dispersed on the silica surface.
Xray photoelectron spectroscopy has been used to get insights into the surface nature of catalysts. The XPS data are summarized in Table 2 . The Si 2p signal is symmetrical and appears at binding energy (BE) values of 103.2-103.8 eV, typical of Si in silica. The O 1s region only shows a single and almost symmetric peak at BE: 532.6-533.5 eV, close to the value observed for a silica (533.1 eV), whereas bulk Nb 2 O 5 displays this peak at lower BE (530.2 eV), thus corroborating the absence of segregated Nb 2 O 5 particles on the external surface of the siliceous support, as can be also deduced from the highest surface Si/Nb molar ratio in comparison with the corresponding bulk values (Table  2) . On the other hand, the two components of the Nb 3d doublet appear at 206.3-206.9 eV (3d 5/2 ) and 208.8-209.6eV (3d 3/2 ) when commercial silica is used as support, whereas this doublet is observed at higher BE in the case of MCM-41-based materials. However, in both cases, these BE values have been reported for Nb(V) in an oxidic environment. On the other hand, the surface Si/Nb atomic ratio values are higher than the corresponding bulk ones (Table 2) , which is a consequence of the presence of niobia into the pores, thus difficult to detect by this XPS technique. After reaction, these ratio increases due to the covering of the active sites by organic species, as can be inferred from the surface carbon analysis, which yields values as high as 43 and 61% for the spent 12NbSi and MCM-8Nb, respectively.
The surface acidity of the 12NbSi catalyst has been evaluated by temperature programmed desorption of adsorbed NH 3 (see Fig. 3 ). Before NH 3 adsorption, the catalyst was pretreated at 600°C. Surprisingly, the 12NbSi catalyst didn't show any desorption peak. This data are in contrast with the highest esterification activity found with this 12NbSi catalyst. For this reason, the TPD analysis was repeated after pre-treating at lower temperature (300°C and 50°C) (see Fig. 3 ), and acid sites were now detected, decreasing with the increase of the pretreatment temperature.
Shirai et al. found for a niobia/silica catalyst that, after pretreatment at high temperature, the Brönsted acid sites disappeared, while the Lewis acid sites are independent from the pretreatment temperature [19] .
This fact has been confirmed by FTIR analysis of adsorbed pyridine (Fig. 4) . The 12NbSi catalyst, pretreated Figure 3: NH 3 -TPD profiles for the 12NbSi catalyst pretreated at 600°C, 300°C and 50°C.
at 300°C overnight under vacuum, only showed at 25°C the vibration modes associated to pyridine adsorbed on Lewis acid sites at 1445 cm -1 and 1600-1610 cm -1 [19, 28, 30] . However, the acid sites are very weak, since these bands were not observed after evacuation at 150°C.
However, the formation of stronger acid sites after exposure to the air moisture has been confirmed by the use of Hammett indicators. The 12NbSi catalyst, previously dried at 300°C and handled in a dry box, didn't show any acidity. When the catalyst was put at ambient condition, after 2 h, the acid strength was determined with Hammett indicator (-5.6 < pK a < -3).
In order to elucidate the structure-activity relationships, Raman spectroscopy has been used to characterize the 12NbSi catalyst, and the spectra were collected at ambient condition and wet (sample was wet and then the spectrum was registered without dehydration), and were compared with that of Nb 2 O 5 as reference (Fig. 5) .
It has been reported that regular tetrahedral NbO 4 structures are associated to Raman frequencies appearing in the 790-830 cm −1 region, distorted NbO 6 octahedra in the 500-700 cm −1 region and highly distorted octahedral NbO 6 structures give rise to bands in the 850-1000 cm −1 region [31] . A Raman feature at 995 cm -1 and 938-934 cm -1 , observed in the spectra of 12NbSi and wet 12NbSi, can be related to the symmetric stretching vibration modes associated to terminal mono-oxo Nb = O bonds of NbO 6 octahedra belonging to the H-Nb 2 O 5 structure [32] [33] [34] [35] Absorbance (a.u.)
wavenumber (cm metal oxide species (M-O-M and -O-M-O-vibrations) [36] . Ultimately, the Raman technique confirms the presence of small Nb 2 O 5 particles, not detected by XRD, on samples with high niobium content on silica [37] . Although the Raman spectra of 12NbSi and wet 12NbSi are similar, they aren't identical as evidence the different relative intensities of the Raman signals at 995 cm -1 and 730 cm -1 .
The characteristic bands at 995 cm -1 and 940 cm -1 of Nb=0 species that are associated to Lewis acid sites [37] are still present on the wet 12NbSi catalyst; however, the formation of more Nb-OH groups cannot be excluded because the change of spectra in the region of distorted octahedral NbO 6 structures (500-700 cm -1 ). The previous data confirm the well established observation that the molecular structure of niobia supported on silica is influenced by the hydration degree [35, 37] .
On the other hand, when the niobia/silica catalyst is immersed in aqueous solution, Brönsted acid sites are predominantly generated by coordination of the water molecules to Lewis acid sites [28] .
Effect of pretreatment on catalytic activity
As it has been previously mentioned, pretreatment conditions affect greatly on the catalyst acidity. In order to evaluate its influence on the catalytic activity, different runs have been done with the catalyst dried at 300°C and handled in a dry box, and the catalyst remained in contact with atmosphere for 2 h (Fig.6) .
The dry 12NbSi catalyst exhibits a high activity in the transesterification reaction (l GLY = 48 %) and a low activity in the esterification reaction (l FFA = 20 %), whereas the behavior of the wet sample is inverse: the activity in the esterification process (l FFA = 50 %) is higher than that of the transesterification reaction (l GLY = 5 %), and they are similar to that reported in Fig. 1 for the 12NbSi catalyst.
These results agree well with those derived from the characterization and data previously reported on the relative activity of Lewis and Brönsted acid sites [10, 38, 39] : the Lewis acid sites present on dried catalysts favor the transesterification reaction while the esterification process is more favored by Brönsted acid sites, formed after exposure to the atmosphere.
Continuous runs
Using the silica pellets (30 g) as catalyst (run 0) (Methanol 5.6 cm 3 /min; acid oil 2.6 cm 3 /min (FFA = 9.5 % w/w), T=220°C), a conversion of 20-30% of FFA was obtained with a total FAME yield of 25-30 %.
The results obtained with pellets of the 12 NbSi catalyst, under similar experimental conditions (run 1), are reported in Fig. 7 .
The results are very interesting since this 12NbSi catalyst was very active in both esterification (FFA conversion = 95-90%) and transesterification reactions (FAME yield = 80-90%), and the activity remained constant for more than 100 h on stream.
However, in order to verify the stability of the catalyst, the niobium content on discharged catalyst was determined by ICP-MS. Unfortunately, a leaching phenomena was discovered, because the niobia content in the spent catalyst was 3%-5% instead of 12%.
Nevertheless, this niobia content in the catalyst is enough active (see data reported in Fig. 1) and, from the conversion data in the continuous run, the leaching cannot be inferred (probably the conversions are near the equilibrium values). The obtained results confirm that the leaching is one of the most strong problem in heterogeneous catalysis for biodiesel production [24] .
Conclusions
The distribution of strength and nature of acid sites on niobia supported on silica is strongly dependent on the environment in contact with the catalyst. When the catalyst is dried, Lewis acid sites are mainly present, whereas the contact with atmosphere favors the reaction with the humidity and the formation of Brönsted acid sites of moderate strength (-5.6 < pKa ≤-3).
Niobia supported on silica is active in both esterification of FFA and transesterification of triglycerides, with no loss of activity in the continuous run for 100 h. However, the characterization of the used catalyst revealed the slow leaching of niobia, which reduces its potential of industrial application in biodiesel production, if this problem will be not solved. 
